We report the efficient creation and detection of hybrid entanglement between one photon's polarization and another photon's complex transverse polarization pattern. The polarization measurement of the first photon triggers a polarization sensitive imaging of its partner photon, the vector photon, using a single-photon sensitive camera. Thereby, we reconstruct tomographically the vector photons complex polarization patterns dependent on the type of polarization measurement performed on its partner. We visualize the varying strengths of polarization entanglement for different transverse regions and demonstrate a novel feature: each vector photon can be both entangled and not entangled in polarization with its partner photon. We give an intuitive, information theoretical explanation for our results.
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Polarization is one the most prominent degrees of freedom (DOF) for photonic quantum information and already relies on mature technologies for creation, manipulation and analysis of quantum features [1] . Quantum information encoded in transverse spatial modes of photons, e.g. Laguerre Gauss (LG) modes, has attracted increasing attention [2] due to interesting quantum phenomena like quantized orbital angular momentum [3, 4] and higher dimensional entanglement [5] [6] [7] [8] . The nontrivial combination of both DOFs, more precisely the superposition of two different, orthogonally polarized spatial modes results in the so-called vector-polarization beams. Their common feature is a transversely varying polarization. Of these, "cylindrical vector beams" show cylindrical symmetry in polarization [9] . They have advantages for applications like improved excitation of plasmons [10] , increased coupling to individual atoms [11] or sharper focusing [12] . Another class are the so-called "Poincaré Beams" which contain every polarization on the Poincaré sphere [13] and show interesting features, like various types of polarization singularities [14] [15] [16] [17] or changes of the polarization pattern, while freely propagating [18] . Albeit offering a great possibility to explore rich optical patterns, vector beams are nearly unexplored experimentally in the quantum regime. One recent demonstration used spin-orbit hyperentangled photon pairs from a down-conversion process, i.e. pairs that are entangled in polarization and the transverse spatial mode, to remotely prepare vector-polarization states [19] . However, phase matching in the down conversion process, constrains such an approach to a few possible vectorpolarization states.
In this letter, we present an experiment where we create and study photon pairs with hybrid entanglement between polarization and a rich variety of different vectorpolarization states. We test polarization entanglement at local transverse positions with three different entangle-FIG. 1. Sketch of the experimental setup. Polarization entanglement between two photons is created (green box) in a down conversion process. One photon is coupled to a single-mode fiber (SMF), delayed by 35m and brought to the interferometric transfer setup (A). Here, the path is coherently split according to polarization and the photon state is transferred by a spatial light modulator (SLM) to a different transverse spatial mode for each path. The vector-polarization state results by recombining the two modes. An removable quarterwave plate (QWP) rotates the linear polarization components to circular ones in case of LG and Poincaré vector photon creation. (B) To demonstrate the generated hybrid entanglement a polarization sensitive coincidence imaging is performed. The polarization measurement of the unchanged photon (QWP, polarizer, single photon detector) is used to trigger an intensified CCD camera (ICCD). For each trigger polarization a spatially resolved polarization tomography of the vector photon is performed (QWP, polarizer, ICCD) and used to reconstruct its complex polarization pattern. ment criteria, thereby visualizing experimentally the different strength of these tests. Moreover, we demonstrate a novel feature of entangled vector beams: the hybrid biphoton state can be either entangled or separable in polarization -dependent on the transverse spatial position.
In addition, we demonstrate the flexibility of our method by creating custom-tailored polarization patterns which also contain every polarization, like Poincaré modes.
In our setup ( Fig. 1) , we first create polarization en-
arXiv:1312.1306v1 [quant-ph] 4 Dec 2013
tangled photon pairs with a parametric down conversion process in a Sagnac configuration (405nm cw pump laser, 20mW pump power, 810nm downconverted photon pairs, approx. 500kHz coincidence counts) [20, 21] . One photon is unchanged while the other is coupled to a singlemode fiber for Gauss mode filtering, delayed by 35m and brought to a second setup. There, the photon is coherently converted into a vector-polarization mode (herein called "vector photon") by interferometrically superposing two different spatial modes with orthogonal polarization [22] . The resulting hybrid-entangled two-photon state can be written
where a, b, and φ are real and a 2 + b 2 = 1; H and V denote the horizontal and vertical polarization of the unchanged photon; spM and its index represents the different spatial modes and their polarizations (H, V, R, L for horizontal, vertical, right and left hand circular respectively); the positions of the ket-vectors label the different photons. Due to the flexibility of the SLM, a huge variety of different vector beams including "cylindrical vector beams", showing cylindrical symmetry in their polarization pattern [9] , and "Poincaré beams", containing all polarizations on the Poincaré sphere [13] , can be realized [17, 23] . The crucial phase-stability of the interferometer was assured by a folded Sagnac-like structure [24] . The polarization pattern of the vector photon depends on the type and result of the polarization measurement of its partner photon. Therefore, we performed a coincidence imaging measurement [25] extending it with polarization analysis. The single-photon detector signal of a polarization measurement is used as a trigger for an intensified CCD camera (ICCD) (Andor iStar A-DH334T-18U-73, 5ns coincidence window, 20% quantum efficiency, effective pixel size 13x13µm). From a polarization tomography of the vector photon, performed by a polarizing filter and the ICCD camera, the complex polarization pattern can be reconstructed with very high spatial resolution (Fig. 2) .
Due to entanglement, different polarizations of the trigger photon result in different polarization patterns of its partner vector photon, thus the Bloch sphere for vector photons -the higher order Poincaré sphere -can be imaged [26] [27] . The polarization patterns of cylindrical vector photons built by linearly polarized HG modes or circularly polarized LG modes can be distinctly recognized for different trigger polarizations (Fig. 3 , first two rows). In addition, Poincaré photons are remotely generated which exhibit various polarization singularities, like C-points (orientation of the polarization ellipse is undefined) or L-lines (handedness of the polarization is undefined) [16, 17] (Fig. 3, third row) . If the SLM surface is imaged on the ICCD camera chip and the diffraction efficiency of the displayed hologram is adjusted according to the desired intensity structure, the phase and the
intensity of the photons can be modulated [28] . With this technique it is possible to create and entangle any custom-tailored polarization pattern for the vector photon. We demonstrate this remarkable flexibility by creating a square shaped vector beam consisting of two linearly polarized modes (Fig. 3, fourth row) . For each mode the intensity changes linearly from left to right and the phase varies linearly from top to bottom. This results in a polarization pattern with a continuous change from V (left side) to H (right side) through all possible polarizations, as a function of the vertical position.
So far, the high-contrast intensity images for different trigger polarizations and the subsequent changes of the polarization patterns have only suggested the successful generation of entanglement. However, to demonstrate the non-classicality of the state quantitatively, we evaluate locally "for every hybrid entangled photon pair" three different types of entanglement measures in the polarization DOF (Fig. 4) . We register coincidence images for appropriate polarization combinations (trigger and image polarization) and evaluate the average photon number within regions of 10x10 pixels. From these local measurements we calculate the value for each entanglement criterion. Note, that this is only feasible with our real-time coincidence imaging technique [25] . Relying on counting single-photon events in sparse images or scanning single-pixel detectors across the beam would have been extremely challenging and time consuming. The first measure of entanglement is an entanglement witness th polarization shown). Colors depict the type and handedness of the measured polarization (coding as in Fig. 2) . For H or V polarized trigger photons (first column) the polarization is uniformly distributed over the spatial mode. The imprinted phases are presented by gray scale insets (upper right; linearly from 0 = black to 2π = white). If the trigger photon is found in a superposition of H and V (columns two to three), the vector photon shows different polarization patterns (theoretical pattern depicted in insets on the lower right). R polarized triggers are omitted, because they are only mirrored patterns of L polarized triggers. Cylindrical vector beam patterns, including radial, azimuthal and spiral configurations, can be found for HG and LG vector photons (first two rows). In the third row, patterns of Poincaré photons are shown which exhibit a C-point singularity in the center and a circular L-line singularity around it (dashed circle). Similar C-points and L-lines can be found in patterns of the custom-tailored Poincaré photon (last row; dashed line).
fully relying on quantum mechanical predictions [29] 
where σ x , σ y and σ z stand for the single-qubit Pauli matrices (mutually unbiased bases). The witness is bounded by 1 for any separable state, thus values larger than 1 verify entanglement. As a second criterion we used a steering inequality [30] 
If measurement results exceed the bound, the nonclassicality of the state i.e. "non-local steering of the vector photon" is proven. Because weaker assumptions are made than for the witness (Eqs. 2), namely only one side assumes quantum mechanics, the steering inequality is violated by a smaller class of states. In the last test for entanglement we use the Bell-CHSH-inequality [31, 32] 
where α, α , β and β denote different measurement settings (orientations of the polarizer) and E is the normalized expectation value for photon pairs to be found with these settings. A violation of this Bell-CHSH-bound proves entanglement of the created state without relying on any quantum mechanical assumptions, thus it excludes a larger class of states, i.e. every state described by local realism. In Fig. 4 A, regions are shown where the witness, the steering or the Bell-CHSH inequalities prove entanglement. The measured results depict visually, that the weaker the assumptions of the criterion the smaller are the regions of successful entanglement demonstration.
Furthermore, a novel interesting feature of entangled vector photons can be demonstrated by testing locally for polarization entanglement (Fig. 4 B) . To account for the spatially varying polarization, different "reference frames" i.e. polarizer angles can be used to measure entanglement at different regions of the transverse beam spread. Hereby, the substantial difference between the demonstrated vector photons becomes apparent: if they consist of two beams with the same spatial intensity profile (e.g. vector photons from circularly polarized LG modes of the same order), any transverse position shows polarization entanglement. In contrast, if vector photons are built by modes that have different transverse profiles, entanglement in the polarization DOF can only be found in regions where the overlap is big enough. Theoretically only very small regions are separable, because a small overlap between the two modes already leads to (non-maximally) entangled photons. To experimentally demonstrate the effect we used the Bell-CHSH-criterion (Eqs. 4) where the regions of proven entanglement are the smallest for each reference frame. This interesting feature of being entangled and separable in the polarization DOF at the same time can be explained intuitively: at transverse positions where a polarization measurement can reveal the path of the photon inside the interferometer (with which we created the vector photon) no superposition and thus no entanglement is measurable.
In summary, we have used hybrid entanglement between polarization and different types of vector photons to demonstrate experimentally that entangled photons can exhibit complex polarization patterns including various polarization singularities. Furthermore, we have demonstrated, and given an information theoretic explanation for, a fundamentally interesting feature of the created complex bi-photon state: certain regions of the beam show different degrees of non-classicality in polarization while others do not at all. Apart from a better intuitive understanding of quantum mechanical features, we envision that our results will stimulate further investigations in quantum information experiments. It is known that the polarization pattern is essential for photon-atom-coupling efficiencies to be made close to 100% [11] . This suggests that entangled vector photons will facilitate entangling separated atoms in broader quantum networking tasks. Another interesting application might be cluster-state quantum computing where the polarization and spatial degree of freedom increases the amount of encoded qubits per photon [33] . The generated states could be used for teleportation of complex structures and might be advantageous if information in several degrees of freedom needs to be encoded on a single photon. Furthermore, the novel features of these hybrid entangled states might improve quantum cryptographic schemes.
